As part of a major transformation of the EU agriculture in the last few decades, traditional land-use types disappeared due to either intensification or abandonment. Grasslands are highly affected in this process and are consequently among the most threatened semi-natural habitats in Europe.
Introduction
Due to changes in European agriculture following the second World War, traditional land-use practices have been disappearing. Intensification in more productive regions and concurrent abandonment in less accessible and populated ones remain the major threat in reducing biological diversity in agricultural landscapes (Stoate et al., 2009 ). Grasslands of high biodiversity are particularly threatened by abandonment, since these habitats have been maintained for centuries by traditional, small-scale land-use practices (Cremene et al., 2005; Plieninger et al., 2006) . In most cases, socio-economic factors such as rural depopulation and changes in farm size distribution cause a decline in livestock implying the decrease of grazing and hay cutting intensity (Schmitz et al., aspects of the species biology, but without a solid experimental background. Theoretical studies also resulted in insightful recommendations that have not been tested in practice so far (Johst et al., 2006) . Field studies on the effects of habitat management concerned the host Myrmica ants alone (Grill et al., 2008; Wynhoff et al., 2011) . Therefore, we identified an urgent need for a field experiment that comprehensively explores the effects of habitat management on the butterflies, their host plant and host ants at one time. The only example of such a comprehensive investigation on Phengaris butterflies and host organisms was carried out in a non-experimental setting and thus did not result in specific recommendations for habitat management (Čámská et al., 2012) .
In a management experiment in W Hungary we aimed to find an optimal timing and frequency of mowing in wet meadows inhabited by Phengaris teleius, which is still widespread and abundant in the study region (Ábrahám, 2012) . We intended to test the effects of mowing regimes with different timing and frequency, including cessation of mowing, on the components of a community-module consisting of a parasitic butterfly, its host plant and host ant species. We tested economically feasible mowing regimes that may help to preserve the traditional land-use system (Plieninger et al., 2006) , and can suppress the invasion of goldenrod.
Material and methods

Study species
The scarce large blue butterfly (Phengaris teleius) is listed on the Annex II of Natura2000 Habitats Directive. Despite its endangered status at the European scale (van Swaay et al., 2010 (van Swaay et al., , 2012 , it is one of the most widespread butterfly species in the area of the Őrség National Park (Ábrahám, 2012) . Females deposit eggs into the flowerheads of the great burnet (Sanguisorba officinalis L.), where caterpillars develop for a few weeks by feeding on seeds. Larvae then descend to ground and await for being adopted by Myrmica ant workers (Thomas, 1984) . After being carried into ant nests, caterpillars complete their development by predating on ant brood (Thomas et al., 1989) . In 5 92 Hungary, the primary host ant of P. teleius is Myrmica scabrinodis (Nyl.), although four additional species have been identified as its host [M. gallienii (Bondroit), M. salina (Ruzsky), M. specioides and Varga, 2008) . The latter study reported caterpillars only from M. scabrinodis and M. rubra nests in our study region (Őrség NP), but this finding was based on a very few Myrmica nests infested by P. teleius. The flight period of P. teleius is in July in our study sites, although its timing shows some variability across the region (Batáry et al., 2009; Kőrösi et al., 2012) .
Study sites
We selected four meadows in the valley of Szentgyörgyvölgyi stream, Őrség National Park, Western Hungary (N 46.75°, E 16.35°, 210-230 m a.s.l.), all managed by the Őrség NP Directorate.
Meadows 1 and 2 were separated by ~200 m from each other at the upper reaches of the stream, while meadows 3 and 4 were located ~5 km further downstream and ~200 m from each other (Fig.   1 ). These two pairs of meadows were formed by the land ownership of the NP. The vegetation on the upstream meadows (1 and 2) was Arrhenatherum hay meadow and mesotrophic wet meadow on the downstream ones (3 and 4) (Király et al., 2011) .
Experimental design
We divided all meadows into four plots of equal size that were managed differently. We applied three different mowing regimes, and kept a plot as a control, i.e. abandoned. The three regimes were: one cut per year in May, one cut per year in September, and two cuts per year in both May and September. Management types were randomly assigned to the plots. Mowing has been carried out by RK-165 type drum mowers each year since May 2007. The hay was baled when dry and collected from the meadows within a month after mowing.
We surveyed the abundance of P. teleius and its host plant, and frequency of Myrmica ants in Appendix). We applied timed mark-recapture to assess butterfly abundance: in each square one surveyor spent five minutes thriving to capture, mark and release all P. teleius specimens. We sampled all meadows each day in a different sequence. We repeated these butterfly counts for several times to cover the whole flight season in July (Table 1 ). In the center of each square we designated a smaller, 10 × 10 m square in which we counted all flowerheads of the host plant once in the second half of the flight period. In those squares where host plant abundance was very high (i.e. > 10 flowerheads m -2 ), we counted the plants, randomly selected and counted the flowerheads on ten of them. Then the mean flowerhead number of those ten plants was multiplied by the number of plants to estimate flowerhead number. Within the 10 × 10 m squares, we also placed out baits on round plastic plates (8 cm diameter) on the ground in the early morning hours to sample Myrmica ants. Baits were regularly checked for 30 minutes and a few individuals were collected in ethanol for later identification. Myrmica ants were identified at species level. In 2007 we used four baits per square, whereas in 2010 we exposed nine baits per square in a grid with 3 m gaps. We used fish in oil mixed with honey as bait. Finally, percent cover of the invasive goldenrod (Solidago gigantea) was also estimated in the 10 × 10 m squares at the same time of host plant survey (it was relevant on Meadows 1 and 2 only).
Data analysis
We quantified P. teleius abundance by the sum of captured individuals in each square in a given study year. Butterflies captured more than once on the same day were counted at their first capture square. This means that each butterfly was counted as many times as (re)captured given that subsequent (re)captures happened on different days. We think this variable can properly fixed effect. We also constructed two models on real numbers of each response variable (mean daily number of butterflies, host plant flowerhead number, Myrmica frequency, Solidago gigantea cover) for both years (2007 and 2010) . Fixed effects were year and year × management interaction in one model, and management and year × management interaction in the other. When diagnostic plots of models proved some violation of assumptions of the linear models (e.g. non-normal error distribution), we transformed the response variable and applied quasi-Poisson error distribution (changes in Myrmica frequency and Solidago cover were power-transformed, change of absolute flowerhead number was normalized). We also tested for correlations among P. teleius abundance, host plant flowerhead abundance, host ant frequency and Solidago cover in both 2007 and 2010. All analyses were performed using packages lme4 (Bates et al., 2012) and nlme (Pinheiro et al., 2012) of the R 2.14.0 statistical software (R Development Core Team, 2012).
Results
Total and mean daily number of butterflies captured decreased from 2007 to 2010 (Table 1) . Models on absolute butterfly abundance showed that in 2007 daily butterfly numbers were significantly higher in plots mown in May and in May and September than in abandoned plots, while in 2010 butterfly numbers were significantly higher in all management types than in abandoned plots.
Moreover, by 2010 daily butterfly numbers significantly decreased in all management types except plots mown once in September (Fig. 2 , Table 2 ). These results are concordant with the change of the butterfly index, which significantly increased in plots mown once a year in September compared to abandoned plots and plots mown twice per year (Fig. 3 , Table 3 ). Furthermore, plots mown once a year in May were also preferred over abandoned plots, but there was no significant difference compared to plots mown once in September. (Table 1) . Frequency of Myrmica species showed a considerable variance among meadows, but hardly changed over years, i.e. the species composition of Myrmica assemblages was stable in time (Fig. 6 ).
Management effect was significant on Solidago cover (in Meadows 1 and 2) ( Table 2 ). In 2007, Solidago cover did not differ significantly among the four management types. By 2010, it significantly increased in abandoned plots, and became significantly lower in plots mown in May and in May and September than in abandoned plots. However, it showed a significant decrease during the three years only in plots cut twice per year (Tables 2, 3, Figs. 7, 8) .
Finally, we found significant positive correlation between P. teleius and host plant flowerhead abundances in both years, and significant negative correlation between host plant flowerhead abundance and host ant frequency in 2010 (Table 4) . Solidago cover did not correlate with any other variables. Figure 9 demonstrates that proportional change in the number of host plant flowerheads and change in the butterfly index are positively correlated. However, this relationship is confounded by the effect of management, thus no statistical test was performed. In this study we found significant effects of timing and frequency of mowing on the habitat use of the scarce large blue butterfly and on the abundance of its larval host plant. To our best knowledge, this is the first attempt to explicitly test the effects of different grassland management schemes on the habitat use of a large blue butterfly in practice, although Phengaris (Maculinea) species have been the focus of considerable research effort in the last few decades (e.g. Settele et al., 2005; Thomas et al., 2009; Settele and Kühn, 2009) . In spite of the short duration of our study, we found statistically significant and/or qualitatively informative effects of management on the interacting species examined.
Discussion
Management effects on butterfly abundance P. teleius butterflies mostly preferred plots cut once a year in September. This was the only management type under which daily number of butterflies did not decrease significantly from 2007 to 2010, and where butterfly index showed the highest increase. This is concordant with the change in the number of S. officinalis flowerheads, which showed the highest proportional increase in plots mown once in September. In most meadows the initial number of host plant flowerheads was very low in the "September plots", which means that increase of flowerhead abundance affected butterflies most positively at low initial host plant abundance. These results are in agreement with previous findings, namely that at low density of S. officinalis, density of P. teleius is positively correlated with it (Batáry et al., 2007; Dierks and Fischer, 2009) , while above a threshold host plant density does not correlate with butterfly density (Nowicki et al., 2007) . Although, higher butterfly index does not obviously reflect to higher carrying capacity, it can rather be a result of that adult butterflies stay for longer in certain patch types (e.g. Ouin et al., 2004) .
Our finding that P. teleius butterflies avoided abandoned plots and showed clear preferences toward less intensively managed plots even at a small spatial scale is in agreement with previous results. In wet meadows in Poland, Skórka et al. (2007) extensively mown meadows and fallow lands were highly preferred by butterflies. They also showed that the presence and relative abundance of P. teleius were good indicators of general butterfly species richness in wet grasslands. In a mountain pastoral landscape in Spain, Dover et al.
(2011a) revealed that the early stages of abandonment may be beneficial for butterflies, but lack of management on the long-term causes severe loss of species. Bergman and Kindvall (2004) also demonstrated that abandonment of grazing or mowing in meadows threatened the long-term survival of Lopinga achine in Sweden. Although management history of our study sites is not fully known, our results suggest that even a short-term (3 years) abandonment can turn habitats less preferable for P. teleius and therefore may lead to its local extinction.
Number of butterflies marked per day was remarkably lower in 2010 than in 2007. This does not indicate, however, a declining trend in the population size. The four meadows sampled in our study are parts of a mosaic landscape comprising many differently managed grassland patches. This landscape is occupied by an extant metapopulation of P. teleius (Batáry et al., 2009 ). The sampled meadows were either adjacent to or in the vicinity of other meadows, thus they could not be considered as demographically independent and representative units of the whole metapopulation.
Management effects on host plant abundance
The difference in total flowerhead numbers between 2007 and 2010 is mostly a result of that it increased in some squares from ~2 500 to ~4 000 in Meadow 4. From a butterfly viewpoint, such an increase is irrelevant, because even 10 flowerheads m -2 represent unlimited resources for oviposition and early larval development of P. teleius (Thomas, 1984; Nowicki et al., 2007) . conditions in summer implying a high level of water stress for S. officinalis. In these meadows, mowing once a year in September may prevent the succession of the vegetation in the long-term, but also keep the sward tall and dense enough for summer to prevent the desiccation of the soil, thus providing intermediate stress and disturbance. In the more humid Meadows 3 and 4, summer drought does not seem to limit the growth of S. officinalis. In these meadows the three mowing regimes tested are equivalently good in suppressing the invasion of sedges and guarantee a good habitat for S. officinalis.
Management effects on host ants
The frequency of Myrmica host ants was not affected by management in our study. Proportion of baits visited by Myrmica ants was 40-70% in all meadows (except Meadow 3), and management effect could not be detected on any of the meadows. These results seemingly contradict to Grill et al. (2008) , who found that once a year mowing in September was the most beneficial for Myrmica hosts of P. teleius in Germany. They operated with comparable plot sizes and bait numbers to ours, but they used ant abundance as a response variable and their results were not statistically robust enough (see details in Grill et al., 2008) . Wynhoff et al. (2011) also revealed a significant effect of management on the abundance, but not occupancy of Myrmica ants in the Netherlands. Therefore, our results do not strikingly contradict to others, since we used a metric of occupancy of Myrmica ants instead of abundance. According to Lenda et al. (2013) , in meadows invaded by invasive goldenrods, Myrmica workers can travel for longer distances from their nests to find food than in meadows with native vegetation. Hence, by using baits we may have introduced some bias in our analysis. Since we did not count Myrmica nests, we were unable to distinguish between the nonsignificant effect of management regime and potential higher mobility of ant workers in deteriorated habitats.
By applying different mowing regimes within the meadows, we created different microhabitats for both the host plant and the butterfly. We suppose that parasitic pressure on Myrmica ant colonies were higher in plots preferred by both S. officinalis and P. teleius, while plots providing unfavorable conditions for the host plant and the butterfly may have served as refuge areas for Myrmica colonies. From these refuge areas, due to the small-scale heterogeneity of management, Myrmica ants could have permanently and instantaneously recolonized those plots that were more strongly parasitized by Phengaris butterflies (Thomas et al., 1997) . In other words, management had probably a double effect on Myrmica ants as it potentially influenced the microclimatic conditions and food supply through modifying vegetation structure (Dahms et al., 2005; Dauber et al., 2006) , but it also affected the parasitic pressure on ant colonies. These two effects could neutralize each other.
An experimental period of three years might be too short to detect changes in relative frequencies of host Myrmica ants. This is also supported by the fact that species composition and dominance ranking of Myrmica assemblages at a meadow scale rarely changed over the study years (Fig. 6 ), though our data were not sufficient for a detailed analysis of species composition.
Differences among meadows also showed low temporal variability. These are in agreement with findings of Dahms et al. (2005) , who could not reveal any impact of management type on species richness and composition of ant communities in Germany. Furthermore, Dauber et al. (2006) revealed that historically continuously managed grassland sites can harbour species-rich ant communities and that afforestation due to abandonment is the most important factor affecting ant community composition. Elmes et al. (1998) also stressed that ant communities can significantly change within ten years if meadows are encroached by trees and bushes due to abandonment. Therefore, the lack of management effect in our case may be due to the small difference among management types and short duration of the experiment.
Management effects on the invasive goldenrod
We found that the invasive goldenrod S. gigantea could be successfully suppressed by two cuts per year, one cut per year (either in May or in September) can stop the invasion at best. S. gigantea was present in Meadows 1 and 2 that were less humid than Meadows 3 and 4. In the latter ones, the advancement of sedges was observed, especially in the abandoned plots. Sedges may also supersede herbs such as S. officinalis, and their encroachment may result in species poor plant communities.
Implications for conservation
We conclude that cessation of mowing can rapidly lead to the decline of habitat quality for P. teleius due to the invasion of sedges and/or goldenrod, and in some cases due to the decrease of host plant abundance as well. This is in agreement with earlier findings in Central Europe . In our study region, wet meadows are likely to harbour high densities of S. officinalis (5 < flowerheads m -2
) and in such meadows either type of mowing that we tested seem appropriate for the long-term preservation of P. teleius populations. In more xeric meadows with low abundance of host plant, the optimal management type is one cut per year in September, complemented with additional selective cutting of S. gigantea patches. The fact that mowing in May was not significantly worse for P. teleius than mowing in September, is of outstanding importance from a practical conservation point of view. Although late mowing has been traditionally preferred by conservation practitioners, it is not economical because of poorer hay quality, and is therefore refused by farmers (Szentirmai pers. comm.) Our results indicate that early mowing could be a good compromise between the interests of conservation and farmers. We did not find a best type of management for host Myrmica ants, but one cut per year in autumn was found the best option for beneficial for the long-term preservation of P. teleius populations and species-rich insect communities in the study region (see also Cizek et al., 2012) .
In this study we tested mowing regimes such that comply with the current laws of Hungary and can be economically realistic. However, theoretical studies suggested that less intensive management regimes, for example mowing in every second or third year, would be beneficial for the long-term persistence of P. teleius (Johst et al., 2006) and would be financially feasible with compensation payments (Drechsler et al., 2007) . Therefore, it would be worthwhile to test the effects of such less intensive management types in those areas of the Őrség region which are dedicated for nature conservation and are not threatened by the invasion of goldenrod. Moreover, the effects of grazing on Phengaris habitats should be also studied, because livestock husbandry of traditional varieties can be an appropriate alternative for habitat management (e.g. Dolek and Geyer, 1997; Saarinen and Jantunen, 2005; Pöyry et al., 2005; Öckinger et al., 2006) . Finally, if P. teleius is proved to be a useful indicator species of high biodiversity (e.g. Skórka et al., 2007; Spitzer et al., 2009 ), then management of wet grasslands could be tailored to the needs of this butterfly in the Őrség region where it is still widespread (Ábrahám, 2012) . Our study could clearly form the fundamentals of designing such a regional nature conservation management plan. Thomas, J.A., 1984 
